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Introduction
Ever since Darwin, biologists have used natural selection to explain differences between organisms, be it differences between genera and higher-level taxa, differences between closely related species and subspecies, or differences between populations of the same species. In contrast, differences between individuals within a single population were, with exceptions (e.g., mimicry polymorphism [Gilbert 1983] , alternative male-mating tactics [Gross 1996 ], social foraging roles [Giraldeau and Caraco 2000] ), traditionally regarded as nonadaptive noise that does not call for a deeper explanation (Wilson 1998; Dall et al. 2004) .
This view has changed substantially during the past decade, and it is now known that within-population behavioral differences are often expressions of differences in highly structured behavioral types (also termed "personality types"): individuals differ consistently in whole suites of correlated behavioral tendencies (also termed "behavioral syndromes" [Sih et al. 2004a] ), and such differences are often stable for some period of time (Clark and Ehlinger 1987; Wilson et al. 1994; Gosling and John 1999; Koolhaas et al. 1999; Gosling 2001; Sih et al. 2004b; Groothuis and Carere 2005; Reale et al. 2007; Bell et al. 2009; Conrad et al. 2011) . Birds, for example, often differ consistently in the way they explore their environment, and these differences are associated with, for example, differences in boldness and aggressiveness (Groothuis and Carere 2005) . Rodents such as mice and rats often differ consistently in the way they deal with environmental challenges, and these differences encompass, for example, differences in attack, avoidance, and nest-building behavior (Koolhaas et al. 1999) . Fish often differ consistently in their boldness in response to a predator, and such differences are associated with differences in aggressiveness, explorative behavior, and sociability (Conrad et al. 2011) .
The past decade has witnessed an explosion of empirical research documenting the existence of personalities in a wide range of species across the animal kingdom (Gosling 2001; Sih et al. 2004b; Groothuis and Carere 2005; Bell et al. 2009; Conrad et al. 2011) . The development of a theoretical conceptual framework for explaining and predicting personalities, however, is still in its infancy (for first conceptual frameworks, see Wilson 1998; Dall et al. 2004; Wolf et al. 2007a Wolf et al. , 2007b Biro and Stamps 2008; Sih and Bell 2008; Buss 2009; Bergmuller and Taborsky 2010; Duckworth 2010; Wolf and Weissing 2010 ; for a review of the first generation of models, see Dingemanse and Wolf 2010 ; for a more recent model, see Johnstone and Manica 2011) . In particular, any such framework has to address three key features associated with animal personalities: (1) variation: individuals differ in their behavior when confronted with the same decision problem; (2) consistency: individual differences are stable over time; and (3) correlations: individual differences in different contexts (e.g., contest, foraging, mating, parental care) are correlated with each other. In order to explain and predict personalities, we have to understand the eco-evolutionary mechanisms underlying these observations. On a proximate level, both consistency and correlations can often be understood in terms of the architecture of behavior, that is, the genetic, physiological, neurobiological, and cognitive systems underlying behavior (Wolf and Weissing 2010) . Consistency arises, for example, whenever the expression of the same behavior at different points in time is governed by the same underlying mechanism (e.g., pleiotropic gene [Mackay 2004]) . Similarly, correlations arise whenever multiple different traits are affected by the same mechanism (e.g., hormone [Ketterson and Nolan 1999] , neurotransmitter [Bond 2001] ). However, while this can explain consistency and correlations, it does not explain variation. Moreover, it does not explain why the dependence of several traits on a single mechanism has not been uncoupled in the course of evolution.
Negative frequency-dependent selection provides a potent explanation for variation (Maynard Smith 1982; Dugatkin and Reeve 2000; Sinervo and Calsbeek 2006) . In a nutshell, whenever the fitness payoffs that are associated with a given behavior depend negatively on the frequency with which this behavior is adopted in the population, different behaviors are predicted to coexist at evolutionary equilibrium. Frequency-dependent selection has been used to explain, for example, variation in aggressiveness (Maynard Smith 1982; Smith and Harper 1988) , cooperativeness (Doebeli and Hauert 2005; Pruitt and Riechert 2009) , foraging tactics (Fitzpatrick et al. 2007; Giraldeau and Dubois 2008) , responsiveness and learning (Wolf et al. 2008; Dubois et al. 2010; Morand-Ferron et al. 2011) , and leadership (Johnstone and Manica 2011) . However, while frequency-dependent selection explains variation, it does not explain the other two key features associated with personalities, consistency and correlations. Even more, as we will see below, frequency-dependent selection in itself gives rise to inconsistent behavior (i.e., individuals switch between behavioral tactics in repeated interactions) and stochastically fluctuating (i.e., nonadaptive) behavioral correlations.
Frequency-dependent selection thus provides a powerful explanation for variation, but it explains neither consistency nor correlations. It is plausible, however, that frequency-dependent selection gives rise to variation, which is shaped by other eco-evolutionary mechanisms to be consistent over time and correlated across contexts. Up to now, two such mechanisms have been considered in combination with frequency-dependent selection, social responsiveness (Johnstone 2001; Dall et al. 2004; Johnstone and Manica 2011; Wolf et al. 2011 ) and positive feedbacks (Dall et al. 2004; Sih and Bell 2008; Wolf et al. 2008; Tinker et al. 2009) .
To see the basic idea underlying social responsiveness, consider a frequency-dependent game (e.g., aggressive interactions in the hawk-dove game [Maynard Smith 1982] ) and assume additionally that individuals can observe the past behavior of others and adjust their behavior accordingly. The benefits of consistency and responsiveness are coupled in such situations (Dall et al. 2004; Wolf et al. 2011) . Responsiveness is beneficial only when individuals exhibit some consistency (otherwise nothing can be learned from past behavior), and consistency is beneficial only when some individuals in the population are responsive. It has been shown that this interaction between responsiveness and consistency (in combination with frequency-dependent selection) can give rise to behavioral differences that, in contrast to scenarios without responsiveness, are consistent over time (Johnstone and Manica 2011; Wolf et al. 2011) . Interestingly, in some situations, social responsiveness can itself give rise to frequencydependent selection, thus resulting in individual differences that are consistent over time .
To see the basic idea underlying positive feedbacks, consider a frequency-dependent game and assume additionally that the benefits associated with a particular behavior increase with experience. Such feedbacks between the benefits associated with a behavior and the experience with this behavior may be common in nature, since performance typically gets better with experience, for example, due to learning or skill formation (Rosenzweig and Bennett 1996) . It has been shown that positive feedbacks, in combination with frequency-dependent selection, can give rise to behavioral differences that-in contrast to scenarios without positive feedbacks-are consistent over time (Wolf et al. 2008; Tinker et al. 2009 ). Moreover, whenever the feedbacks extend to several frequency-dependent contexts, selection gives rise to adaptive behavioral correlations. (See Tinker et al. 2009 and Luttbeg and Sih 2010 to see how positive feedbacks can give rise to consistent differences in the absence of frequency-dependent selection.)
In this study, we develop a third approach. Up to now, virtually all modeling studies on personalities have focused on the behavioral aspects of personalities, neglecting the physiological architecture (e.g., metabolism, stress physiology, endocrine levels) underlying behavior (for an exception, see Houston 2010) . Two features of this archi-tecture are of particular importance in the present context. First, the physiological architecture can be fine-tuned in different ways (e.g., different metabolic rates). Second, different physiological setups give rise to different costs and benefits of behavioral actions (e.g., competitive ability increases with metabolic rate [Biro and Stamps 2010] ). Using the hawk-dove game and a frequency-dependent foraging game as examples, we will show that the inclusion of these two basic features fundamentally changes the predictions regarding behavioral consistency and behavioral correlations in frequency-dependent games. In particular, in sharp contrast to the predictions based on scenarios that neglect physiology, frequency-dependent selection now gives rise to high levels of behavioral consistency and adaptive behavioral correlations across contexts. Interestingly, we find that the coevolution of behavior and physiology also gives rise to adaptive physiological differences (which are systematically associated with behavioral differences), a phenomenon that appears to exist in a wide range of species (Koolhaas et al. 1999; Groothuis and Carere 2005; Careau et al. 2008; Williams 2008; Biro and Stamps 2010; Carere et al. 2010; Reale et al. 2010; Conrad et al. 2011) but that, up to now, has been poorly understood from an adaptive point of view. We stress that while we here focus on the physiological architecture underlying behavior, our model and results can be equally applied to any other trait (e.g., morphological, neurobiological, and cognitive trait) that (1) can be fine-tuned in different ways and (2) affects the cost and benefits of behavioral actions.
Model and Results

Adaptive Behavioral Consistency
Adaptive Variation. Maynard Smith's well-known model of animal aggression (Maynard Smith 1982) , the hawkdove game, is the classic example of negative frequencydependent selection. Individuals within a population compete with a randomly encountered conspecific over a resource of value V. In each interaction, individuals can behave like an aggressive hawk or a nonaggressive dove. Since aggressive hawks win over nonaggressive doves when contesting for the resource, hawks outperform (i.e., obtain a higher fitness than) doves whenever the frequency of hawks in the population is low. Whenever the frequency of hawks is high, however, doves outperform hawks, since hawk-hawk interactions end in escalated fights that reduce the fitness of the loser by D (we assume throughout that ). Consequently, natural selection increases the fre-V ! D quency of hawks in populations with no or few hawks and vice versa for doves, resulting in an evolutionary equilibrium where hawks and doves coexist. Using the fact that at equilibrium hawks and doves have to achieve equal fitness, a simple calculation shows (Maynard Smith 1982) that the equilibrium frequency of hawks is given by
( 1 ) D No Adaptive Behavioral Consistency. Condition (1) specifies a population-level equilibrium frequency of hawks. Whether an individual exhibits consistency in its behavior, however, depends on its behavioral tendency h (0 ≤ h ≤ ), which corresponds to the probability with which this 1 individual adopts the hawk behavior in any single interaction. Individuals with intermediate behavioral tendencies exhibit inconsistent behavior over time (e.g., an individual with adopts the hawk tactic in 40% and h p 0.4 the dove tactic in 60% of the interactions). Individuals with more extreme behavioral tendencies exhibit consistent behavior over time (e.g., an individual with h p 1 adopts the hawk tactic in 100% of the interactions). Condition (1) 1 Ϫ f h p 0 The above argument suggests that frequency-dependent selection may equally likely give rise to consistent and inconsistent individuals. This is not the case. A simple calculation shows (app. A, available online) that whenever the population is not at its evolutionary equilibrium (1), the intermediate behavioral tendency
obtains a * h p f payoff that is higher than the average payoff in the population. Consequently, off-equilibrium, natural selection tends to increase the frequency of the intermediate behavioral tendency . Since finite populations under * h p f the influence of mutation and drift will typically not be at their evolutionary equilibrium, we should thus expect an evolutionary trend toward behaviorally inconsistent individuals.
To test this expectation, we implemented the hawk-dove game into an individual-based computer simulation (app. B, available online) in which trait frequencies change under the influence of mutations and natural selection. We initialized our simulation with a population being at its dimorphic evolutionary equilibrium, where individuals employ the extreme and thus highly consistent behavioral tendencies (i.e., a fraction always adopts the hawk V/D behavior [ ], and a fraction always adopts
. However, inspecting the beh p 0 havioral tendencies present in the evolved population ( fig.  1 ), we find that, in line with the above prediction, natural Incorporating Physiology. The above analysis neglects the physiological architecture underlying behavior. Two features of this architecture will be of particular importance in the present context: (1) the physiological architecture can be fine-tuned in different ways, and (2) different physiological setups give rise to different cost and benefits of behavioral actions. Individuals can adopt different metabolic rates, for example, and differences in metabolic rates are positively associated with differences in competitive ability in a diverse range of taxa (Metcalfe et al. 1995; Cutts et al. 2001; McCarthy 2001; Careau et al. 2008; Biro and Stamps 2010) . Similarly, differences in stress physiology and endocrine levels are associated with differences in competitive ability in fish (Schjolden and Winberg 2007; Huntingford et al. 2010; Conrad et al. 2011), birds (Groothuis and Carere 2005; McGlothlin et al. 2007) , and rodents (Koolhaas et al. 1999; Korte et al. 2005 ; see also Wingfield 2005) . We will now show that the inclusion of these two basic features fundamentally changes the predictions regarding behavioral consistency in the hawk-dove game. Note that while we here focus on the physiological architecture underlying behavior, similar results would be obtained for any other trait (e.g., morphological, neurobiological, or cognitive trait) that (1) can be fine-tuned in different ways and (2) affects the cost and benefits of behavioral actions.
We thus consider a hawk-dove game where, in addition to the behavioral tendency h, an underlying physiological trait-say, metabolic rate-is evolving. We will assume for the moment that individuals can adopt one out of two physiological phenotypes-a high metabolic rate m H or a low metabolic rate m L -and that each individual is characterized with a physiological tendency m ( ) that 0 ≤ m ≤ 1 corresponds to the probability with which this individual adopts the high metabolic rate (see below for an extension of our model to continuously variable physiological phenotypes). We make the realistic assumption that the chances of winning a hawk-hawk interaction depend on both the metabolic rate of the focal individual and that of its opponent. In particular, when two hawks with identical metabolic rates interact, both have an equal chance of 1/2 of winning, but when a high-metabolism individual meets a low-metabolism individual, the former wins with probability while the latter wins with probability
HD HD responds to the advantage that a high-metabolism individual has over a low-metabolism individual in a hawkhawk interaction. We realistically assume that developing a high metabolism is associated with a cost and reduces the fitness of that individual by (e.g., higher idling C 1 0 cost associated with a higher metabolism [Biro and Stamps 2010] ).
Adaptive Behavioral Consistency. Figure 2 shows the result from a typical individual-based computer simulation (app. B) for this scenario. As in the scenario that neglects physiology, behavioral variation is maintained at evolutionary equilibrium; that is, some individuals adopt the aggressive hawk behavior, while others adopt the nonaggressive dove behavior. The distribution of behavioral tendencies present at this equilibrium ( fig. 2a) , however, differs dramatically from that in the scenario that neglects physiology. While the latter scenario gives rise to individuals with intermediate behavioral tendencies ( fig. 1) , we now observe almost all individuals with extreme behavioral tendencies ( fig. 2a) . In other words, including the physiological architecture into the hawk-dove game fundamentally changes the evolved levels of behavioral consistency; while the scenario that neglects physiology gives rise to behaviorally inconsistent individuals, we now observe highly consistent individuals.
At evolutionary equilibrium, variation is maintained not only in the behavioral context but also at the physiological level, where low-metabolism individuals coexist with highmetabolism individuals ( fig. 2b) . Moreover, physiological differences are systematically associated with differences in the behavioral context, while low-metabolism individuals almost always adopt the nonaggressive dove behavior, and high-metabolism individuals almost always adopt the aggressive hawk behavior (in our simulation, at evolutionary equilibrium, the correlation coefficient between the behavioral tendency h and the physiological tendency m is ). We thus observe consistent individual Ϫ5 0.99 ‫ע‬ 1.4 # 10 differences in aggressiveness that are systematically associated with physiological differences, as has been reported for fish (Schjolden and Winberg 2007; Huntingford et al. 2010; Conrad et al. 2011) , birds (Groothuis and Carere 2005) , and rodents (Koolhaas et al. 1999; Korte et al. 2005 ). Our analysis shows (app. A) that the above observations are general features of evolutionary outcomes, which do not depend on the particular parameter values chosen in our simulations. At evolutionary equilibrium, both highand low-metabolism individuals coexist whenever the cost associated with having a high metabolism is not too high ( fig. 3a) , specifically, whenever
HD where
measures the benefits associated with the increased probability of winning a hawk-hawk contest in a population of low-metabolism individuals. Moreover, at evolutionary equilibrium, physiological differences are systematically associated with differences in the behavioral tendency: highmetabolism individuals will always have a higher tendency to adopt the aggressive hawk behavior than low-me-
L H
In particular, high-metabolism individuals will always adopt the aggressive hawk behavior; that is, . For Continuously Variable Physiological Traits. Up to now we have assumed, for simplicity, a binary physiological trait; that is, individuals could adopt either a low or a high Figure 3 : Dependence of evolutionary equilibrium on cost of high metabolism. a, At evolutionary equilibrium, both high-and lowmetabolism individuals coexist whenever the cost C associated with adopting a high metabolism is not too high. b shows the frequency of high-metabolism individuals, the probability these individuals adopt the aggressive hawk behavior, and the probability low-metabolism individuals adopt the hawk behavior. These analytical predictions are in perfect agreement with c, the results of our individualbased computer simulations. For these simulations, we initialized each population so that all individuals always adopted a low metabolic rate ( ) and employed the intermediate and thus inconm p 0 sistent behavioral tendency . Natural selection then gave rise h p V/D to consistent behavioral differences and correlated differences in metabolism in all cases. For each cost level C, the three data points correspond to the state of the evolved population after gen- We thus consider a version of the hawk-dove where, in addition to the behavioral tendency h, , a con-0 ≤ h ≤ 1 tinuously variable physiological trait-say, metabolic rate m-is evolving; that is, each m, , now corre-0 ≤ m ≤ 1 sponds to a different metabolic rate. Investigating such a scenario may seem like a daunting task, since we now have to specify how the continuously variable physiological trait affects (1) We are able to show analytically (app. A), however, that all our above results generalize to the case where the physiological phenotype can vary continuously, independent of these specifics. This is in perfect agreement with the results of our individual-based computer simulations for this scenario. Figure 4 shows the results from several such simulations for a particular implementation of d(m, m ) and . In particular, we assumed that C(m) C(m) p a # . For each of our simulations corresponding to different 2 m cost levels a, natural selection gives rise to two clusters of individuals employing the extreme and thus highly consistent behavioral tendencies in the hawk-dove game ( fig.  4a) . Similarly, selection gives rise to two clusters of individuals adopting different metabolic rates ( fig. 4b) . At evolutionary equilibrium, behavioral tendencies in the hawk-dove game are highly correlated with metabolic rates ( fig. 4c ): individuals that consistently adopt the aggressive hawk behavior have a higher metabolic rate than individuals that consistently adopt the nonaggressive dove behavior.
Adaptive Behavioral Correlations
We now turn to the second key feature associated with animal personalities, the observation that behavioral differences in one context (e.g., aggression) are correlated with differences in other contexts (e.g., foraging, antipred- V/D 1.0 # 10 quencies and correlations in the evolved populations. a, For each of our simulations, natural selection gives rise to two clusters of individuals employing the extreme and thus highly consistent behavioral tendencies in the hawk-dove game. b, Similarly, selection gives rise to two clusters of individuals adopting different metabolic rates. c, At evolutionary equilibrium, we observed high correlation coefficients between behavior and metabolism: individuals with relatively low metabolic rates exhibit low levels of aggression, while individuals with relatively high metabolic rates are very aggressive. In a and b, for each cost level a, we show two boxes corresponding to the two clusters of individuals in the evolved populations. The boundary of each box closest to zero indicates the twenty-fifth percentile, and the boundary of each box farthest from zero indicates the seventy-fifth percentile of each cluster. Error bars indicate the ninetieth and tenth percentiles. In addition, trait values of outlying points are plotted. In all simulations, , , and .
HD ator, mating; Sih et al. 2004a Sih et al. , 2004b . Under which conditions should natural selection give rise to such suites of correlated behavioral differences? To study this question, we consider a scenario where, in addition to the hawk-dove game, individuals are confronted with a frequency-dependent foraging context where individuals can adopt one out of two foraging tactics to exploit a habitat. There is an intrinsic payoff w i associated with each tactic that, as a result of competition, decreases with the frequency f i of individuals in the population that adopt the same tactic; that is, an individual that adopts tactic i obtains a payoff ( ).
No Adaptive Behavioral Correlations. We first focus on a scenario that neglects the physiological architecture underlying behavior. Each individual is thus characterized by two behavioral tendencies, h and b ( and 0 ≤ h ≤ 1 0≤ ), which correspond to the probabilities with which b ≤ 1 this individual adopts the aggressive hawk behavior and foraging tactic 1, respectively. From the arguments presented above ("Adaptive Variation"), at evolutionary equilibrium, variation is predicted to be maintained in both contexts; in particular, the frequencies of aggressive hawks and individuals that adopt tactic 1 in the foraging context are given by respectively. While frequency-dependent selection predicts variation in both contexts, it does not predict any particular association between behavioral traits. The cost and benefits associated with behavioral options in one context are independent of the behavior adopted in the other context (e.g., the expected payoff to an aggressive hawk does not depend on the tactic adopted in the foraging context). Consequently, as long as the equilibrium frequencies (eq.
[5]) of behavioral traits are maintained in the population, any combination of behavioral traits (and thus behavioral tendencies) obtains equal fitness. This can be seen in figure 5 , which shows the result of a typical individual-based computer simulation for this scenario. As predicted from equations (5), variation emerges and is maintained in both behavioral contexts ( fig. 5a ). Inspecting the correlation coefficient between behavioral tendencies, we find, in line with the above arguments, neither convergence to any particular value nor a trend toward positive or negative correlations but, instead, random fluctuations between the extreme values Ϫ1 and ϩ1 ( fig. 5b) . At any particular point in time, behavioral tendencies may be positively (e.g., fig. 5c , correlation coefficient 0.72), negatively (e.g., fig. 5d , correlation coefficient Ϫ0.77), or only weakly (e.g., fig. 5e , correlation coefficient 0.06) correlated, but these trait associations are stochastic and not caused by natural selection.
Incorporating Physiology. We now incorporate physiology into the above setup by assuming that (1) individuals can fine-tune their physiological setup in different ways and (2) different physiological setups give rise to different cost and benefits of behavioral actions. We will show that the inclusion of these two basic features fundamentally Results from a typical individual-based computer simulation. a, Adaptive variation emerges in the hawk-dove game, the foraging context, and the physiological context. b, We observe convergence to strong positive correlations between behavioral tendencies (note the sharp contrast to the scenario that neglects physiology [ fig. 5b]) . c, In the evolved population (c corresponds to the state of the population after generations of 5 2 # 10 selection), we observe two clusters of individuals that differ in suites of correlated behavioral and physiological traits: while low-metabolism individuals tend to adopt the dove role and tactic 2, high-metabolism individuals tend to adopt the hawk role and tactic 1. , changes the predictions regarding behavioral correlations in the above scenario. Note that while we here focus on the physiological architecture underlying behavior, similar results would be obtained for any other trait (e.g., morphological, neurobiological, or cognitive trait) that (1) can be fine-tuned in different ways and (2) affects the cost and benefits of behavioral actions. We thus consider a situation where, next to the behavioral tendencies h and b, an underlying physiological trait-say, metabolic rate-is evolving. We will assume that individuals can adopt one out of two possible physiological phenotypes-a high metabolic rate m H or a low metabolic rate m L -and that each individual is characterized with a physiological tendency m ( ) that corresponds to 0 ≤ m ≤ 1 the probability with which this individual adopts the high metabolic rate. Developing a high metabolism is associated with a cost that reduces the fitness of that individual by . As before, the chance of winning a hawk-hawk C 1 0 interaction increases with metabolic rate ("Incorporating Physiology"). In the foraging context, we assume that one of the tactics-say, tactic 1-is more beneficial the higher the metabolism of the individual (e.g., tactic 1 may, for example, correspond to foraging in the open habitat in a lake, which can be performed more efficiently with an increased metabolism). To be specific, low-metabolism individuals that adopt tactic 1 obtain a payoff , whereas w /f foraging efficiency associated with a high metabolism.
Adaptive Behavioral Correlations. Figure 6 shows the outcome of a typical individual-based computer simulation for this scenario. As in the scenario that neglects physiology ( fig. 5a ), variation emerges and is maintained in both behavioral contexts ( fig. 6a ). Inspecting the correlation coefficient between behavioral tendencies, however, we find-in sharp contrast to the scenario that neglects physiology ( fig. 5b )-convergence to strong positive correlations between behavioral tendencies ( fig. 6b ). While very different patterns of behavioral associations could be observed in the scenario that neglects physiology ( fig. 5c 5e), we now observe a unique and stable configuration at evolutionary equilibrium ( fig. 6c ): some individuals consistently adopt the hawk behavior while others consistently adopt the dove behavior, and hawks are much more likely to adopt tactic 1 in the foraging context than doves. Variation is maintained not only in the behavioral context but also at the physiological level ( fig. 6a) , and physiological differences are systematically associated with differences in the behavioral context ( fig. 6c ): while lowmetabolism individuals tend to adopt the dove role and tactic 2, high-metabolism individuals tend to adopt the hawk role and tactic 1. Including the physiological archi-tecture into our analysis thus triggers a coevolutionary process between behavioral and physiological traits that fundamentally changes the structure of behavioral correlations observed at evolutionary equilibrium, while the scenario that neglects physiology gives rise to stochastically fluctuating correlations we now observe stable and tight adaptive correlations at evolutionary equilibrium. Our analysis shows (app. A) that the above observations are general features of evolutionary outcomes, which do not depend on the particular parameter values chosen in our computer simulations. In particular, at evolutionary equilibrium, both high-and low-metabolism individuals coexist whenever the cost associated with having a high metabolism is not too high, specifically, whenever
where is given by equation (3). Moreover, at evo-D 1 0 lutionary equilibrium, physiological differences are systematically associated with correlated differences in the behavioral tendencies: high-metabolism individuals always have a higher tendency to adopt the aggressive hawk * h H strategy and to adopt tactic 1 than low-metabolism
In particular, high-metabolism individuals will always adopt the aggressive hawk behavior and tactic 1; that is, and .
Discussion
Summary
While frequency-dependent selection is a powerful explanation for adaptive variation, it cannot explain the other two key features associated with animal personalities, behavioral consistency and behavioral correlations. Using the hawk-dove game and a frequency-dependent foraging game as examples, we have shown that this changes fundamentally whenever one takes into account the physiological architecture underlying behavior. We investigated how natural selection shapes behavioral consistency and behavioral correlations for scenarios that neglect physiology and compared this with scenarios that incorporate two basic features of the physiological architecture: (1) the physiological architecture can be fine-tuned in different ways, and (2) different physiological setups give rise to different costs and benefits of behavioral actions. We found that the inclusion of these two basic features triggers a coevolutionary process between behavioral and physiological traits that fundamentally changes the evolutionary predictions concerning consistency and correlations. First, while natural selection gives rise to the intermediate and thus inconsistent behavioral tendencies in the former scenario (neglecting physiology), selection now gives rise to the extreme and thus highly consistent behavioral tendencies. Second, while selection gives rise to correlation coefficients between behavioral tendencies that (over evolutionary time) randomly fluctuate between the extreme values Ϫ1 and ϩ1 in the former scenario, selection now gives rise to tight and stable positive correlation coefficients. Interestingly, natural selection also gives rise to adaptive physiological differences that are systematically associated with behavioral differences. Next to providing an explanation for behavioral consistency and behavioral correlations, our work thus also provides an explanation for systematic physiological differences within populations (e.g., differences in parameters associated with metabolism, stress physiology, and endocrine levels), a phenomenon that appears to exist in a wide range of species (Koolhaas et al. 1999; Groothuis and Carere 2005; Carere et al. 2010; Reale et al. 2010; Conrad et al. 2011 ) but that, up to now, has been poorly understood from an adaptive point of view.
Scope of Results
When investigating the evolution of consistency and correlations in our behavioral contexts (hawk-dove game, foraging game), we focused on the consequences of including physiological traits into the analysis. Our results, however, are not restricted to physiological traits but can be equally applied to any other trait that (1) can be fine-tuned in different ways and (2) affects the costs and benefits of behavioral actions in the context under consideration. One might think, for example, of morphological, cognitive, lifehistory, and other behavioral traits. In such situations, our analysis predicts the emergence of consistent individual differences in the focal contexts that are systematically associated with evolved differences in morphological, cognitive, life-history, and other behavioral traits (for observations that may be explained by our modeling framework, see Ehlinger and Wilson 1988; Guillette et al. 2009; Reale et al. 2010; Wilson and McLaughlin 2010) .
For our analysis, we focused on two particular behavioral contexts, the hawk-dove game and a foraging game. Analogous results, however, should be obtained in all situations where frequency-dependent selection maintains multiple behavioral tactics in the population; examples include cooperative interactions in the snowdrift game (Doebeli and Hauert 2005) , producer-scrounger situations (Giraldeau and Dubois 2008) , rock-scissor-paper games (Maynard Smith 1982; Sinervo and Calsbeek 2006) , and leader-follower situations (Johnstone and Manica 2011) . Taking into account the physiological architecture underlying behavior in these situations fundamentally changes the evolutionary predictions concerning behavioral consistency and behavioral correlations.
We considered behavioral contexts (hawk-dove game, foraging context) where frequency-dependent selection gives rise to variation.
An interesting yet open question is whether similar results are to be expected in situations where, when neglecting physiology, frequency-dependent selection gives rise to a behavioral monomorphism. Consider, for example, a behavioral trait that can be expressed continuously, say, the time spent foraging on a given patch or the effort invested into an offspring. Frequency-dependent selection gives rise to a behavioral monomorphism where all individuals exhibit the same intermediate behavior in many such situations. In the light of our results, however, it is conceivable that the inclusion of physiology promotes behavioral diversification in such scenarios. Whether and under which conditions this is the case will be the focus of future studies.
A crucial assumption in our analysis is that there is a physiological trait underlying behavior that (1) can be finetuned in different ways (e.g., individuals can adopt different metabolic rates); (2) has asymmetric effects on the payoffs associated with different behavioral tactics, that is, favors one tactic over the other (e.g., in our model, a higher metabolism favors the hawk role, since it is associated with an increased chance of winning hawk-hawk interactions); and (3) affects payoffs associated with behavioral tactics in multiple different contexts. These assumptions are realistic, since key physiological parameters associated with metabolism, stress physiology, and endocrine levels can be fine-tuned in different ways and typically have systematic effects on the payoff associated with behavioral tactics in multiple contexts at the same time (Koolhaas et al. 1999; Careau et al. 2008; Williams 2008; Biro and Stamps 2010; Koolhaas et al. 2010; Reale et al. 2010) .
Adaptive Consistency
Our analysis predicts the emergence of individual differences in correlated behavioral and physiological traits that are consistent over time. Variation is caused by frequencydependent selection. Consistency arises since selection favors individuals that associate behavioral and physiological traits in a particular way (e.g., high-metabolism hawks outperform high-metabolism doves). It is conceivable that this association between behavioral and physiological traits is achieved without consistency: individuals could, for example, switch probabilistically between behavioral actions and continuously adjust their physiology accordingly. This, however, is an unlikely outcome for several reasons. First, while it may often be reasonable to assume that there is no cost associated with changing behavior per se, implementing changes in the underlying physiological setup will typically be associated with some cost (DeWitt et al. 1998; Sih and Bell 2008; Biro and Stamps 2010) . Second, even in the extreme case when changes in the physiological setup are cost free, coordinating physiological and behavioral changes will typically be associated with some cost (DeWitt et al. 1998) . Third, while behavior can often change very quickly, implementing the associated changes in the underlying physiological setup may often take substantially longer (Sih and Bell 2008; Biro and Stamps 2010) . In all these cases, individuals that switch between behavioral actions and continuously adjust their physiology accordingly will be outperformed by individuals that consistently stick to a particular behavioral and physiological phenotype.
Explaining Physiological Differences
Evidence is accumulating that individual differences in the physiological setup are a widespread phenomenon within animal populations. Consistent individual differences in metabolism can be found, for example, in species as diverse as birds, fish, voles, and squirrels (Biro and Stamps 2010) . Similarly, consistent individual differences in stress physiology and endocrine levels have been reported in a diverse array of animal taxa (Koolhaas et al. 1999; Williams 2008; Carere et al. 2010; Koolhaas et al. 2010) . Why and under which conditions natural selection should give rise to such differences, however, is an open question (Careau et al. 2008; Williams 2008; Reale et al. 2010 ). Our analysis shows that physiological differences can be understood as the result of a coevolutionary process between frequencydependent behavioral traits and the underlying physiological traits.
Integrating Behavior and Physiology
It has recently been argued that integrating function and mechanism into a common theoretical framework is key for future progress in behavioral ecology ). Our work underscores the importance of such a holistic approach. When considering the behavioral contexts in isolation (here, the hawk-dove game and the foraging game), natural selection gives rise to (1) monomorphisms where all individuals exhibit the same (in the case of mutations, similar) behavioral tendencies and (2) nonadaptive and stochastically fluctuating behavioral correlations. Our analysis shows that fundamentally different outcomes are to be expected whenever the physiological level underlying behavior is included in the analysis. In such a situation, natural selection gives rise to (1) poly-morphisms at both the behavioral and the physiological level and (2) tight adaptive behavioral correlations. In other words, taking into account the physiological architecture underlying a behavioral trait of interest can change the evolutionary predictions for the behavioral trait dramatically.
Explaining Personalities
Behavioral and physiological traits are often coupled with each other; behavioral choices affect the benefits associated with different physiological setups and vice versa. Our analysis shows that this interaction promotes a coevolutionary process that gives rise to two key features associated with personalities, behavioral consistency and differences in suites of correlated traits. Similar interactions between traits adopted in one context and the benefits associated with traits in other contexts are ubiquitous and exist between traits in multiple behavioral contexts, between behavioral and life-history traits, between behavioral and cognitive traits, and between behavioral and morphological traits. Understanding the structure and the evolutionary consequences of such interdependencies may thus be central for any framework that aims at explaining and predicting personalities.
